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We propose a novel method in that quark-gluon tagging of the jets emitted as initial state ra-
diation (ISR) can boost searches of invisible Higgs from gluon fusion processes against irreducible
electroweak vector boson productions. While quark ISR typically takes up a dominant portion than
gluon in the background processes mainly by frequent quark-gluon initiated hard scatterings at the
LHC, gluon ISR portion in the gluon fusion can be significantly larger in the central region of detec-
tor. Focusing on invisible Higgs searches using jet substructure variables capturing the new features,
we demonstrate that Higgs from gluon fusion constrains invisible Higgs decays the most, over vector
boson fusion traditionally known as the most constraining, and the limit on the branching ratio is
significantly improved. We summarize with emphasizing that our method has wider implications in
search for new resonances from gluon fusion processes.
Higgs discovery at the LHC in 2012 completed the
Standard Model as a description of nature in terms of
elementary particles and their interactions [1, 2], and
the precision measurement of the SM Higgs couplings is
one of the most important tasks for probing new physics
and the dynamics of electroweak symmetry breaking of
the universe at future collider experiments [3]. How-
ever Higgs precision measurements are highly non-trivial
tasks in the existence of huge irreducible (irr.) back-
grounds. In particular, among various backgrounds for
Higgs searches, productions of electroweak vector bosons
(EWVB, W/Z/γ) comprise a large portion of the irr.
backgrounds including dibosons and prompt diphotons,
because 1) Z/W bosons are in the mass scales simi-
lar with the Higgs, 2) decayed particle contents are the
same (or easy to be mis-identified) with the Higgs de-
cays (H → ff¯), and 3) Higgs also decays to a pair of
EWVBs with BR(H → V V ) ∼ 23%. On top of the
backgrounds, Higgs production via gluon fusion (ggH)
[4, 5] has the most dominant contribution (90%) to the
total cross sections of the Higgs at the LHC. It is a very
unique process in that it can transform between the state
of QCD force carriers and electroweak bosons via quark
loops, and not leaving any other QCD remnants at lead-
ing order (LO), so its event topology can basically be
the same with the EWVB productions from the leading
orders. In result, tagging the Higgs from gluon fusion
has been suffering from the irr. backgrounds much more
than the other sub-dominant productions including vec-
tor boson fusion (VBF), Higgsstrahlung (VH), and tt¯H,
as it does not have associated objects with fixed par-
ticle identity good for tagging the whole process. For
this reason the most stringent constraints for probing
the Higgs-fermion-fermion couplings have usually been
obtained via the non-ggH processses, e.g. in H → bb¯ [6],
cc¯ [7], τ+τ− [8], µ+µ− [9], e+e− [10]. The same argument
also applies to the searches of Higgs pair production via
gluon fusion against the EWVB backgrounds, but in this
FIG. 1. Leading diagrams (bold) of the (multi) Higgs pro-
ductions from gluon fusion (ggHn+jets), against the corre-
sponding irr. (multi) EWVB backgrounds (Vn+jets) with
additional ISR(s) for 3 parton initial states (gq,gg,qq¯).
case things can get worse as the dominant ggH contribu-
tion increases (93%).
In this letter we revisit and generalize an overlooked
property, and investigate a new possibility for boosting
Higgs searches via ggH, in that there exist sizable dif-
ferences in quark-gluon composition of the central ISR
jets between the general ggH productions and their irr.
EWVB backgrounds, and tagging the central gluon jets
from ISR can provide useful discrimination power to
overall Higgs searches. The difference was stated ear-
lier in [11] without no attention, and the new possiblity
on the difference was claimed in [12] for H → µµ, and
studied [13] for a monojet analysis. As the new method
can have big impacts, here we generalize the property
for (multiple) Higgs and EWVB productions, emphasiz-
ing that in the central region of detector, leading ISR jet
from ggH is mostly a gluon jet. To prove its experimental
feasibility, then we apply the new method in search for in-
visible Higgs decays, and show that the limit on the Higgs
invisible decay branching ratio can be improved signifi-
cantly (60%→ 5%) for the most dominant gluon fusion,
to be the most constraining channel, which has been not
so useful compared to the other channels at the LHC.
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FIG. 2. (a) Parton luminosity Lij with parton density func-
tion fi(x,Q
2 = sˆ) at the LHC. (b) Rapidity distribution of
leading gluon and quark ISR jets from ggH.
Fig.1 shows the leading diagrams (in bold) of general
Higgs signal productions from gluon fusion (ggHn+jets)
and EWVB productions (Vn+jets) as irreducible back-
grounds with an emission of ISR(s), for three different
initial parton configurations (gq, gg, qq¯). Here the n
can be larger than one for multi Higgs/EWVB produc-
tions, and additional Higgs or EWVB productions with
n ≥ 2 is also represented. The gluon lines in grey in-
dicate extra gluon emissions and the Vn+jets diagram
(bottom-center) from gg initial states is drawn also in
grey as it is subleading to the other 5 diagrams in αs.
By the irreducibility we can assume that the particle IDs
from the decays of the Higgs and EWVB are the same or
very similar.
Then firstly, it should be noted that the flavor of ISR(s)
emitted in the leading diagrams (in bold) are uniquely
fixed since the other final state (Hn/Vn) accompanied
with is a colorless non-QCD particle in the 2 to (n+1)
processes, for the given initial parton configurations. Sec-
ondly, it is also noticeable that the parton luminosity
functions, Lgq,gg,qq¯ referring to Fig.2a, for the three ini-
tial partonic states are hierarchical - Lgq > Lgg  Lqq¯,
e.g. Lgq:Lgg:Lqq¯ ∼ 2:1:0.07 at
√
sˆ ∼ 100 GeV, and such a
hierarchy persists to higher energy scale as shown in the
same plot. Based on these two observations, the domi-
nant flavor of leading ISR jet from the whole ggHn+jets
and Vn+jets processes can be predicted and their quark-
gluon compositions can be compared.
For the Vn+jets EWVB processes, the leading ISR jet
is mostly quark jet. Even though there is non-negligible
gluon jet contributions from 1) the emissions in sublead-
ing diagrams to the leading Vn+jets(gq,gg), and 2) the
emission from the Vn+jets(qq¯) at leading order with sup-
pression by small parton luminosity, the leading ISR jet
is expected most likely to be a quark jet mainly because
of the hierarchical parton luminosities between gq + gg
and qq¯ initial states. Gluon jet portion, Rg, of the lead-
ing ISR (|ηj1 | ≤ 1 and pj1T > 100 GeV), is found to be
(1) Rg(WW,WZ,ZZ) ≈ (0.20,0.16,0.30) for Vn=2+jets pro-
cesses, (2) Rg(W,Z) ≈ (0.13,0.19)) for Vn=1+jets, and (3)
Rgγγ ≈ 0.15 for prompt di-photon+jet processes, as in
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FIG. 3. Gluon portion over |ηj1 |max (pj1T > 100 GeV) of the
leading ISR jet associated with ggHn and Vn productions.
Fig.3.
The leading ISR jet is more gluon like in the ggHn+jets
processes. There exist two enhancement factors of the
gluon jet leading ggHn(gg)+jets process (gg → Hg at
LO) over the quark jet leading, ggHn(gq)+jets (qg → Hq
at LO). In the diagrams of the ggHn(gg)+jets in Fig.1, a
gluon is emitted as the leading ISR from the gluon parton
or from the top loop, and all of the results end up with the
enhancement of QCD color factor ratio, CA/CF = 9/4 in
the cross section compared to the ggHn(gq)+jets, where
CA (CF ) is the quadratic Casimir of the adjoint (funda-
mental) representation. Furthermore, in comparison to
the quark ISR from the ggHn(gq)+jets, the gluon ISR
from the ggHn(gg)+jets is more likely to be emitted in
central region with small absolute rapidity as in Fig.2b
(from the cross section of gluon-fusion Higgs production
at NLO [5] with finite top mass effect), due to the bal-
anced momentum profile of the gg initial states, while
in addition the quark ISR prefers to be aligned in beam
direction (backward) more than the gluon, with spin an-
gular momentum conservation, showing the rapidity-gaps
in the quark ISR distributions. Although the parton lu-
minosity function in Fig.2a is larger for the gq state com-
pared to the gg (by a factor of 2 at
√
sˆ ∼ 100 GeV), all
in all the leading ISR from the ggHn+jets becomes more
gluon jet like in central region with the Rg of the lead-
ing ISR (|ηj1 | ≤ 1 and pj1T > 100 GeV), found to be (1)
RgggH ≈ 0.75 for ggHn=1+jets, and (2) RgggHH ≈ 0.87
for a pair of Higgs production, as in Fig.3. If PT cut is
lowered to P j1T > 50 GeV, the R
g for the ggHn(Vn) pro-
cess increases(decreases), respectively, by ∼ 2-5% in the
|ηj1 |max range of Fig.3.
Like as the two quark jets in forward region from the
VBF, and as the extra Z/W from the VH, now the ggHn
+ jets also has such a unique property accompanied -
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FIG. 4. Signal and background profiles in various templates, (a) EmissT , (b) Girth of leading jet, (c) event classifier PS/B(S
jet)
(1:ggH-like, 0:V+jet) trained using the jet substructure observables S jet, and (d) PS/B (S
jet∪ {kin.}) using all features.
the gluon-like ISR jets in central region. In this regard,
if some relevant techniques using quark-gluon tagging of
ISR jets are employed, one can improve the constraints
from the most dominant gluon fusion channel for a broad
range of Higgs signatures which are buried in the irre-
ducible EWVB backgrounds matched with.
In order to demonstrate experimental feasibility, here we
utilize the gluonic ISR jet from the ggH for constrain-
ing invisible decays of Higgs where the decayed particles
from the Higgs and irr. EWVB are electrically neutral
and invisible. Historically, there had been lots of stud-
ies on the possibility of invisible Higgs decays along the
developements of the Standard Model and the beyonds.
The early proposals include the models in diversity e.g.
with Majorons [14, 15], supersymmetries [16], heavy neu-
trinos with radiatively generated masses [17], large extra
dimensions [18, 19], the 4th generations [20–22], and so
on, while the recent interpretations are mainly based on
the effective singlet extensions of the SM, in the context
of so-called Higgs-portal models with dark matters [23]
[24] [25, 26]. For these proposals, there exist numerous
phenomenological and experimental researches in search
for the invisible Higgs decays, via the production chan-
nels, including VH [11, 27–32] [33–38], tt¯H [39] [11, 40]
[41], ggH (monojet) [11, 25, 28–30, 42, 43] [34, 35, 44],
and VBF [45] [28, 30, 31, 46] [34, 36–38, 47, 48] which has
been presented the most sensitive limits on the invisible
Higgs decay BR at the LHC. There also have been inter-
esting surveys via diffractive Higgs productions [21], total
decay width [49], Higgs rare B decays [50], di-Higgs [51],
Higgs off-shell decays [52], lepton colliders [53], including
global analysis [54]. Throughout the searches, the dom-
inant ggH channel has never been competitive to the
other sub-dominant channels. However, employing the
new method we show that the most stringent constraint
can be obtained from the ggH channel for the invisible
Higgs decays, as is demonstrated in the next paragraphs.
Assuming the Higgs production cross section of the
SM, we perform the analysis in search for the invisible
Higgs decays in EmissT +jets signature via the ggH+jets
channel. Samples are generated by Monte Carlo simu-
lated pp collisions at a center-of-mass energy of
√
s =
13 TeV at the LHC, for 36 fb−1 using MadGraph5
aMC@NLO v2.6.2 [55] interfaced with Pythia v8.235 [56]
for hadronisation and fragmentation. Delphes v.3.4.1
is used for detector simulation [57]. The signal pro-
cess (ggH+jets) is generated with up to extra 1 jet at
LO taking into account finite top mass effects [58] with
MH = 125 GeV, and backgrounds are generated at NLO
in QCD. We use FxFx scheme with kT -algorithm and
∆R = 1 for jet merging [59]. For jet clustering, FastJet
v3.2.1 [60] is used with anti-kT algorithm with ∆R = 0.4,
and CT10NLO [61] is used for parton distribution func-
tion.
Among the relevant background processes - V (Z(νν),
W (`ν¯))+jets, Diboson, top quarks, Z/γ → `¯`, QCD
multijets, where the leptons (`) in W/Z/γ decays are
mis-identified, we only included the most dominant irr.
EWVB backgrounds - V+jets, while the others take just
O(1)% level for the event selection criteria as follows [34]:
• pj1T > 100GeV, |ηj1 | < 2.5, EmissT > 200GeV,
minj∈{jets}∆φ(~p missT , ~p
j
T ) ≥ 0.5, Njet ≥ 1.
The 1st (2nd) cut on the transverse momentum (pseudo-
rapidity) of the leading jet is imposed to suppress all of
the backgrounds, the 3rd cut on the missing transverse
energy is mainly to reduce the QCD and top quarks, and
the 4th cut with the missing transverse momentum, ~p missT
suppresses the QCD multijets very efficiently [35].
There also exist contributions from other Higgs produc-
tions, VBF and VH with yield rates (ggH:VBF:VH ∼
70:20:10%). However as the leading jets from VBH are
most likely quark jets opposed to the gluonic leading jets
in the ggH+jets, we checked that the VBF can be easily
separated from the ggH+jets by tagging gluonic central
leading jet in addition to the forward jet tagging for VBF.
As for the VH which also has quark jet like leading ISRs
according to the same argument with the V+jets, it can
have additional selection criteria [62, 63] for identifying
jets from hadronically decaying vector bosons. In this
regard, to demonstrate the main idea without making
event selection scheme too complicated, we simply con-
sider the ggH+jets as the only signal versus the V+jets as
the main background in this analysis, without loss of con-
sistency in applying the flavor information for discrimi-
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FIG. 5. Upper limit in 95% of confidence level(C.L.) on
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σSM
with the integrated luminosity 36fb−1. Here we
used 5,000 ensembles of pseudo data set which consists of
background events only. Left panel shows the results from
the experiment [48].
nation of gluon-jet rich ggH signal from general quark-jet
rich backgrounds.
We use a set of jet substructure variables [64], say S jet,
in our analysis as the following,
• S jet ≡ { ntk (track multiplicity) [65], Girth [65, 66],
Broadening [67], EEC (energy-energy correlation)
[68] with β = 0.2 [69], RMS-pT [65] },
which contain the information on jet flavors. It can also
be extended to include more raw data, e.g. jet images [70,
71] for deep learning. Among the five jet substructure
variables used, the Girth as the linear radial moment of
a jet reflects a fatness/radius of a jet. As gluon jets tend
to have more showers and be fatter by the color factor
enhancement, CA(g → gg)/CF (q → gq), such a property
can be checked in the Girth distribution of the leading
jet from ggH and V+jet processes in Fig.4b.
Jet substructure observables have been used to build a jet
tagger, Pq/g(S
jet), while the kinematic observables, such
as reconstructed four-momenta of jets have been used to
build an event classifier, PS/B({p jet, ...}). However, as
can be seen from d2σ/dp jetT dy
jet in Fig.2b, the flavor of
a jet can have a correlation with kinematic information
depending on the scattering process. This observation
motivates us to build PS/B({p jet, ...}∪S jet), rather than
a factorized classifier, PS/B({p jet, ...})⊗ Pq/g(S jet).
For S (B) = ggH (V+jets) process, Fig.4 shows the
normalized distribution of (a) EmissT , (b) Girth, (c)
PS/B(S
jet), and (d) PS/B (S
jet∪ {EmissT , p jetT , η jet}). The
two event classifiers PS/B in Fig.4c and 4d are obtained
by training neural networks with 2-4 layers each with 200-
300 nodes with the specified input features. We used one
million event samples with Keras [72] for building and
training the neural network models. It is noticeable that
L EmissT Girth DNN(jet sub) DNN(all)
36fb−1 60.2+30.0−18.3 % 20.4
+10.1
−5.99 % 8.3
+4.46
−2.55 % 5.2
+2.83
−1.54 %
TABLE I. Summary on the upper limits in 95% of confidence
level on σ×BR(H→inv.)
σSM
for 36 fb−1 at the LHC, for the four
template distributions in Fig.4. The errors were rescaled by
the factors projecting the ‘Missing ET’ band to the reference
‘ggH-tag’ band in Fig.5.
the event classifier using the set of jet substructures alone
can provide much better separation of signal and back-
ground compared to the one EmissT as in Fig.4c. Combin-
ing them all we get the best separation as is clearly seen
in Fig.4d.
The result obtained up to now can be used to discover
invisible Higgs decay or put constraints on the invisible
branching ratio of Higgs. After selecting the events with
the criteria, we performed the profile likelihood ratio test
following the procedure in [73] with the four template
distributions in Fig.4. The likelihood function is given,
L =
Nbin∏
i=1
nˆnii
ni!
e−nˆi × 1
2pi
e−
1
2 (θ
2
s+θ
2
b), (1)
where ni is the number of events (or pseudo events) in
i-th bin, and nˆi is the number of expected events with
branching ratio parameter µ = σσSM ×BR(h→ inv) (pro-
duction x-section of invisibly decaying Higgs over the to-
tal x-section of the SM Higgs - σSM), i.e.,
nˆi = µNsPs(i)(1 + fs)
θs +NbPb(i)(1 + fb)
θb . (2)
Here the Ps(b)(i) is the expected event rate in i-th bin,
given the total number of events Ns(b) survived the cut,
and the θs(b) in the Poisson and prior probabilities de-
notes a nuisance parameter associated to the systematic
uncertainty fs(b), of signal (background). As a global
variation of event rates in signal and background distri-
butions, we tested the fs(b) in 5-20% [34], which changes
median of expected upper limit in their 3% at most, and
set fs(b) to 10%. Signal cross section (ggH+X) is taken
from [74] computed at NNLO+NNLL QCD and NLO
EW, and we applied the efficiency on the selection crite-
ria evaluated using simulated event samples, for the fidu-
cial signal yield. For the background process (V+jets) we
take both of the cross section and efficiency from our MC
simulation of the Z+jets, and the fiducial background
yield was obtained by a K-factor (1.53) with respect to
the Z+jet, to take the W+jets into account simply, re-
producing the expected limit using missing transverse en-
ergy [35].
For the four profile likelihood ratio tests with/without
the new features of jet flavors (‘Missing ET ’, ‘Girth’, ‘jet
substructure variables’, and ‘All variables’), we obtained
the upper limits on the branching ratio of invisible Higgs
5decays in 95% of confidence level, for the integrated lu-
minosity 36 fb−1 at the LHC, as in Fig.5 (right panel),
and show them with the existing experimental results
(left panel) [48] - ‘ggH-tag’, ‘VBF-tag’, and ‘combined’,
which did not use jet flavor information. As the results
in the two red-boxed columns can directly be compared
with under the same features and selection criteria, we
summarize our results in Table.I with the errors rescaled
by the correction factors projecting the obtained ‘Miss-
ing ET ’ band to the reference ‘ggH-tag’ band. The result
shows that the limit on Higgs invisible decays from the
ggH can significantly be improved from 60% down to 5% if
sub-jet level information of the leading ISR is employed.
It is interesting that the jet substructures alone provides
stronger constraints (8%) than the missing transverse en-
ergy in Higgs invisible search. Moreover, combining the
features in two kinds, we end up with the best sensitive
result (5%) only from the ggH, much lower than the one
obtained from VBF (∼ 20%).
Though more sophisticated understanding and treat-
ment of systematic errors are necessary to obtain a firm
number for the expected limit on the Higgs invisible de-
cays, the exercise we did in this Letter strongly suggests
that 1% (2%) precision for Higgs invisible branching ra-
tio at the end of the LHC running with 3 ab−1 (300 fb−1)
is a plausible expectation from the gluon fusion solely. It
is also expected that the limit can significantly be im-
proved again if it is combined with the results from VBF
and other processes.
Conclusion We revisited and generalized the prop-
erty - the gluon rich leading ISR jets in central rapid-
ity region from gluon fusion Higgs productions versus the
quark rich EWVB backgrounds, and proposed the idea
to improve general Higgs searches produced from ggH by
tagging the central gluonic ISR jets. Applying the new
method to the searches of invisible decays of Higgs, we
showed that the ggH can be the best channel with the
improved limit on invisible Higgs decay branching ra-
tio (60% → 5%), significantly exceeding the best limit
given by the other channels - VBF (∼ 20%) and VH
(∼ 40%). The physics and methods in this analysis can
also be applied to a broad range of new resonance and
Higgs productions induced by gluon fusion, e.g. in search
for exotic/rare Higgs decays and di-Higgs productions,
concurrently with their irreducible EWVB backgrounds
mostly containing quark jet dominant ISRs.
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